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ABSTRACT
We analyze the anisotropy profile of the Milky Way’s smooth, diffuse stellar halo using SDSS/SEGUE
blue horizontal branch stars and SDSS/SEGUE and LAMOST K giants. These intrinsically luminous
stars allow us to probe the halo to approximately 100 kpc from the Galactic center. Line-of-sight
velocities, distances, metallicities, and proper motions are available for all stars via SDSS/SEGUE,
LAMOST, and Gaia, and we use these data to construct a full 7D set consisting of positions, space
motions, and metallicity. We remove substructure from our samples using integrals of motion based on
the method of Xue et al. We find radially dominated kinematic profiles with nearly constant anisotropy
within 20 kpc, beyond which the anisotropy profile gently declines although remains radially dominated
to the furthest extents of our sample. Independent of star type or substructure removal, the anisotropy
depends on metallicity, such that the orbits of the stars become less radial with decreasing metallicity.
For −1.7 < [Fe/H] < −1, the smooth, diffuse halo anisotropy profile begins to decline at Galactocentric
distances ∼ 20 kpc, from β ∼ 0.9 to 0.7 for K giants and from β ∼ 0.8 to 0.1 for blue horizontal branch
stars. For [Fe/H] < −1.7, the smooth, diffuse halo anisotropy remains constant along all distances
with 0.2 < β < 0.7 depending on the metallicity range probed, although independent on star type.
These samples are ideal for estimating the total Galactic mass as they represent the virialized stellar
halo system.
Keywords: galaxies: individual (Milky Way) — Galaxy: halo — Galaxy: kinematics and dynamics —
Galaxy: stellar content — stars: individual (BHB) — stars: individual (K giants) — stars:
kinematics and dynamics
1. INTRODUCTION
Halo stars preserve clues to the formation and evolu-
tion of galaxies as well as to their merger histories. Due
to their long orbital timescales, the relics of past events
are preserved in both configuration and velocity space,
and the chemistry and age of the stars additionally clar-
sarahbird@nao.cas.cn, xuexx@nao.cas.cn, liuchao@nao.cas.cn
jtshen@sjtu.edu.cn, cflynn@swin.edu.au
ify the picture. Even when substructure has become
too diffuse to be detectable in configuration space, the
member stars retain information of their common origin
locked in their velocities, energies, angular momenta,
and orbital properties; and for deriving these, accurate
distances and 3D velocities are necessary, the limiting
reagent of these being the velocities as only very small
samples beyond a few kpc have been observed, although
this predicament is now changing.
A number of processes contribute stars to the stel-
lar halo (e.g., Zolotov et al. 2009; Tissera et al. 2013;
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2Cooper et al. 2015; Pillepich et al. 2015; Amorisco 2017;
Di Matteo et al. 2019): infalling satellites, stars formed
from gas within the halo, stars displaced from the disk.
With each large survey, new substructure and remnant
satellites are uncovered, as reviewed by Newberg & Car-
lin (2016) and Helmi (2020). With the large amount of
substructure in the halo, only recently are statistically
significant halo star samples being collected to help de-
tail these past events buried in space and time.
The halo stars are also probes to the galactic dark
matter distribution. The density and velocity of the re-
laxed halo star population are used in the Jeans equation
to estimate the Galactic mass. Ideally for this estima-
tion, substructure should be removed as a lemma of the
Jeans equation is a relaxed sample in equilibrium (e.g.,
Binney & Tremaine 2008).
As a step forward, we present a large sample of halo
stars with full 7D positions, velocities, and metallicity,
from which substructure have been removed. We ana-
lyze their velocities and metallicity as a step toward a
future mass estimation.
When considering the 3D velocities and orbital param-
eters, a convenient term for spherical or near-spherical
systems is the velocity anisotropy of the system. In a
Galactocentric spherical coordinate system anisotropy is
defined (Binney 1980; Binney & Tremaine 2008) as
β = 1− (σ2θ + σ2φ)/(2σ2r), (1)
where σ is the velocity dispersion within the velocity
components of distance rgc from the Galactic Center,
polar angle, and azimuthal angle, (r, θ, φ). This single
parameter characterizes the orbits of the stars, whether
being radially dominated (β > 0), isotropic (β = 0), or
tangentially dominated (β < 0).
Violent relaxation models and simulations suggest
that, for Milky Way type galaxies, the anisotropy pro-
file is smooth and slowly rising rising with increasing
distance from the galactic centers (Diemand et al. 2005;
Abadi et al. 2006; Sales et al. 2007; Rashkov et al. 2013).
Kafle et al. (2012) (analyzing the simulation suite of Bul-
lock & Johnston (2005)) and Loebman et al. (2018) (an-
alyzing simulations of Bullock & Johnston (2005), Chris-
tensen et al. (2012), and Stinson et al. (2013, Making
Galaxies in a Cosmological Context (MaGICC))) typi-
cally find smooth, rising, radial β profiles. Additionally
the suite of idealized, collisionless N-body simulations
of minor mergers and a particle-tagging technique by
Amorisco (2017) are characterized by radial β profiles.
Within a few kpc of the Sun, the anisotropy is ob-
servationally determined to be radial, with values of
β = 0.5 − 0.7 (Morrison et al. 1990; Chiba & Yoshii
1998; Kepley et al. 2007; Smith et al. 2009; Bond et al.
2010; Evans et al. 2016; Posti et al. 2018).
The stochastic nature of galaxy formation in ΛCDM
cosmologies leads to various processes and events which
contribute to the stellar halo, each mechanism having
the possibility of contributing populations of halo stars
unique in configuration space, kinematics, and chem-
istry (e.g., Amorisco 2017; Di Matteo et al. 2019). When
anisotropy is analyzed with more detail, the picture is
more complex. Trends in kinematic statistics have been
explained by two or more halo components (e.g., Ma-
jewski 1992; Carney et al. 1996; Wilhelm et al. 1996;
Kinman et al. 2007; Deason et al. 2011a; Carollo et al.
2007, 2010; Nissen & Schuster 2010; Beers et al. 2012;
Schuster et al. 2012; An et al. 2013, 2015; Zuo et al.
2017). Different components to the stellar halo have
also been analyzed in simulations (e.g., Bekki & Chiba
2001; Brook et al. 2004; Abadi et al. 2006; Zolotov et al.
2009; Cooper et al. 2010; Oser et al. 2010; Font et al.
2011; McCarthy et al. 2012; Pillepich et al. 2015). Dea-
son et al. (2011a), Kafle et al. (2013, 2017), and Hattori
et al. (2013) find observational evidence that β changes
with metallicity.
More than a few kpc from the Sun, the picture of β has
not been clear. A range of different profiles estimated
from line-of-sight velocities has been proposed (Sommer-
Larsen et al. 1994, 1997; Sirko et al. 2004; Thom et al.
2005; Deason et al. 2011a, 2012; Kafle et al. 2012, 2014;
King et al. 2015; Williams & Evans 2015). Sommer-
Larsen et al. (1994) found the anisotropy profile transi-
tioned from radial to tangentially dominated and sug-
gested such a scenario could be achieved by the specific
accretion history of infalling subsystems. Kafle et al.
(2012) found a dip in the anisotropy profile attributing
this to possibly an unaccounted feature in the Galactic
potential or to the transition between two components
of the stellar halo (such as proposed by the foremen-
tioned references). King et al. (2015) found a deeper,
more extended tangential dip in the anisotropy profile
and suggested the cause to be Sagittarius Stream mem-
bers or other streams within their halo sample.
Flynn et al. (1996) assigned stars with the profile
found by Sommer-Larsen et al. (1994) and tested the
long-time stability of the kinematics within a Milky
Way-like potential, finding the kinematics robust over
many billion years. On the other hand, Bird & Flynn
(2015) performed a similar test for the profile found by
Kafle et al. (2012) and found that if such a profile ex-
ists in the Milky Way, the kinematics are in a state of
transition and the dip in the profile smooths over several
hundred million years. Loebman et al. (2018) made a de-
tailed analysis of β in simulations, with careful attention
3to when β reaches tangential (negative) values, when the
otherwise smooth-radial profile exhibits dips, and the
length of time these features remain. They showed that
beta dips can be indicators of satellite passings or infall.
These are seen as localized departures (dips) from the
general trend of the β profile, such features lasting sev-
eral hundred million years. Loebman et al. (2018) found
that large troughs (extended decreases in the anisotropy
profile), as those seen by Sommer-Larsen et al. (1994)
and King et al. (2015) can be produced by ancient major
mergers.
Indeed, pencil beam surveys have shown different β
values in different sky locations (Deason et al. 2013b;
Cunningham et al. 2016, 2019b). These authors used
proper motions from multi-epoch HST fields and
ground based spectroscopic analysis of main sequence
stars and were able to reach distances to 30 kpc. Al-
though many fields showed β > 0.5, several fields showed
kinematics which were isotropic β ∼ 0.
Now with Gaia and large stellar spectroscopic surveys
such as LAMOST and SDSS becoming available, the
direct measurement of the 3D velocity dispersions and
β over large distances is possible. Recently anisotropy
has played a vital role in the study of Belokurov et al.
(2018b) who found a highly radial component to the ve-
locity anisotropy derived from halo main sequence stars
with −1.7 <[Fe/H]< −1.0 within the region probed
(1 − 10 kpc from the Sun and distance from the disk
|Z| < 9 kpc). They explained this as evidencing an
early event in our Galaxy’s history, the last significant
merger ∼ 10 Gyr ago. The large radial anisotropy of this
remnant merger even spawned a name for the progeni-
tor, the “Gaia-Sausage.” Myeong et al. (2018b) found
a clear difference in the kinematic and spatial distri-
bution of relatively metal-rich versus metal-poor halo
stars. Bird et al. (2019) and Lancaster et al. (2019)
using halo K giants and BHB stars, respectively, out
to larger distances found this highly radial anisotropy
for −1.7 <[Fe/H]< −1.0 extends to Galactocentric dis-
tances of ∼ 25 kpc. These studies similarly found the
radial anisotropy deceases with decreasing metallicity.
The highly radial [Fe/H]> −2 halo component was also
seen by Wegg et al. (2019) using the proper motions of
RR Lyrae stars combined with models to derive the 3D
velocity dispersions.
Such an early merger event has evidenced itself in en-
ergy and angular momentum space (Koppelman et al.
2018; Helmi et al. 2018) and has been dubbed the “blob”
and named “Gaia-Enceladus.” Deason et al. (2018b)
showed the high radially anisotropic halo stars share
apocentric distances of ∼ 20 kpc. Haywood et al. (2018)
analyzed the chemodynamics and linked the results to
an early accretion event. Kruijssen et al. (2019) com-
pared the age and metallicity of Milky Way globular
clusters to simulations and found evidence for a simi-
lar early merger, naming it the “Kraken.” As the Gaia
data is further analyzed, a plethora of studies have un-
covered more evidence which can be explained by an
early large-dwarf accretion event as well as details of new
streams and substructure (e.g., Myeong et al. 2018a,c,
2019; Ferna´ndez-Alvar et al. 2019a,b; Simion et al. 2019;
Iorio & Belokurov 2019; Mackereth et al. 2018, 2019;
Yuan et al. 2020). The number of works is growing, both
theoretical and observational, which supports that most
of the mass in Milky Way-type halos comes from the last
(or last few) significant accretion event(s) (e.g., Brook
et al. 2003; Robertson et al. 2005; Bullock & Johnston
2005; Font et al. 2006; Johnston et al. 2008; Cooper et al.
2010; Deason et al. 2013a, 2016; Fiorentino et al. 2015;
Harmsen et al. 2017; Bell et al. 2017; Amorisco 2017;
Fattahi et al. 2019; D’Souza & Bell 2018; Monachesi
et al. 2019; Elias et al. 2020).
Deason et al. (2011b) at rgc ∼ 27 kpc found a break
in the stellar halo density profile and explained this as
caused by the last significant merger. Lancaster et al.
(2019) found near the same break in the density profile,
that the highly radial, metal rich component of their
BHB star’s anisotropy drops from radially dominated
to isotropic. Bird et al. (2019) use K giants and found
the anisotropy profile drops to lower radial values, but
the drop was reduced by removing a large portion of the
Sagittarius Stream. Cunningham et al. (2019b) found
variations in β between different fields from their pencil
beam survey, but an overall view of β rising with in-
creasing Galactocentric distance. Concluding from these
works, the overall picture of the Galactic anisotropy pro-
file and the influence of streams and substructure has yet
to be clarified. When considering the analysis of varying
β in simulations by Loebman et al. (2018) and Cunning-
ham et al. (2019b) (using two galaxies in the Latte suite
of the Feedback In Realistic Environments (FIRE) sim-
ulation project (Wetzel et al. 2016; Hopkins et al. 2018;
Sanderson et al. 2020), these seemingly differing results
may be explained by the field observed and the substruc-
ture present. The question remains as to whether the
Milky Way anisotropy profile at large distance is simi-
lar to the highly radial and slowly rising profile found
in simulations (e.g., Diemand et al. 2005; Abadi et al.
2006; Sales et al. 2007; Rashkov et al. 2013), or if the
profile deviates to isotropic or tangential values.
We here make a more complete study, covering 2 <
rgc < 100 kpc, and comparing β from two different star-
types, halo K giants and BHB stars, and a range of
metallicities (−3 < [Fe/H] < −1, depending on the sam-
4ple) and test the effects on β from removing substructure
using a complete substructure finding method.
In Section 2, we present our sample and the effects
on the kinematics due to substructure removal. In Sec-
tion 3, we show that the orbital families are predomi-
nantly radial at all radii probed through the anisotropy
parameter β. We find that the amplitude of β is a func-
tion of metallicity, which, for the more metal poor halo
star sample, substantially reduces relative to the metal
rich halo stars, but still radial. In Section 4, we discuss
our results in terms of the literature covering observa-
tional work and N -body/hydrodynamical simulations of
the formation and evolution of galaxy halos, and finally
draw our conclusions.
2. DATA
2.1. Halo Samples
We analyze three stellar halo samples. Two samples
we select from the BHB and K-giant catalogs of Xue
et al. (2011) and Xue et al. (2015), respectively. The
detailed methods used for selecting the samples from
SDSS/SEGUE and measuring distances are found in
their respective papers. Our third sample consists of
LAMOST DR5 K giants, similar to that used by Bird
et al. (2019) and Yang et al. (2019a). We select LAM-
OST K giants using the method of Liu et al. (2014)
and determine distances using the method of Xue et al.
(2014, 2015), which is the same as Bird et al. (2019).
For K giants which have been observed multiple times
within the LAMOST survey, we include in our final sam-
ple the observation which produces the smallest distance
uncertainty. Line-of-sight velocities and stellar param-
eters, i.e. metallicity [Fe/H], effective temperature Teff ,
and surface gravity log(g), are taken from the published
catalogs. We match our samples to Gaia DR2 to obtain
proper motions. Distances are provided for the BHB
stars by Xue et al. (2008) and Xue et al. (2011) and for
the SDSS/SEGUE K giants by Xue et al. (2014) and
Xue et al. (2015). We include a summary of our halo
star samples in Table 1.
We impose criteria in metallicity and position to se-
lect clean samples of halo BHB stars and K giants
with minimal disk contamination. We select stars with
|dhelio sin b| > 2 kpc (equivalently |Z| > 2 kpc, where
dhelio is the distance from the Sun, (l, b) are Galactic lon-
gitude and latitude, and Z is height above the Galactic
disk mid-plane) and [Fe/H] < −1. Note that these are
less stringent as those used for the LAMOST DR5 K gi-
ant sample of Bird et al. (2019), and allow us to analyze
the nearby stellar halo. Less than one percent of the
SDSS BHB catalog lack metallicities or have spurious
values; we exclude these from our sample.
A comparison of the 523 common stars between our
LAMOST and SDSS K giant samples shows good agree-
ment but with a systematic bias in the line-of-sight ve-
locities of 8 km s−1, which we add to the LAMOST
velocities (systematic biases in velocity have been cal-
culated by comparing star samples from LAMOST with
SDSS/SEGUE (Tian et al. 2015; Yang et al. 2019a) and
with Gaia (Scho¨nrich & Aumer 2017)). The mean vlos
uncertainties are 9 km s−1 (LAMOST KG), 2 km s−1
(SDSS KG), and 4 km s−1 (SDSS BHB). The proper
motion uncertainties generally range between 0.01 to 0.5
mas yr−1.
We derive Galactocentric Cartesian coordinates and
velocities and Galactocentric spherical velocities for the
stars in the same manner as Bird et al. (2019): Galac-
tocentric Cartesian coordinates (X,Y, Z) and velocities
(U, V,W ) follow the conventions in astropy (Astropy
Collaboration et al. 2018) and Galactocentric spherical
velocities (Vr, Vθ, Vφ) follow Eq. 2 − 7 of Bird et al.
(2019). We propagate the (1) uncertainties in the dis-
tances of the stars, (2) line-of-sight radial velocity uncer-
tainties, (3) and two proper motion error estimates from
Gaia DR2. These three uncertainties are propagated via
200 Monte Carlo runs per star and we take the median
and the standard error for the Galactocentric Cartesian
and spherical coordinate systems and their uncertain-
ties.
We adopt the following to improve the purity of our
halo K-giant and BHB star sample and minimize the
contamination from stars which may have faulty stel-
lar parameters or may be incorrectly classified. As later
described in Section 2.2, we use a Milky Way-like po-
tential for calculating integrals of motion in order to
remove substructure; we additionally use the integral
of motion of the stars derived from this process to flag
contaminants. Stars with extremely high energy may
have faulty stellar parameters or may be stars incor-
rectly classified. Blue stragglers and red clump stars
are candidate contaminants to our BHB and K giant
samples, respectively. These contaminants are intrinsi-
cally dimmer. If the distance methods for BHB stars
and K giants are used for these dimmer stars, their
distances will be greatly overestimated. The overesti-
mated distances and likely larger proper motions (due
to the star’s closer than estimated proximity to the Sun)
effectively increase the tangential velocity component
(Vtan ∝ dhelio × µtot), the angular momentum, the en-
ergy, and thus the size of the orbit. To eliminate egre-
gious outliers, we require |(Vr, Vθ, Vφ)| < 500 km s−1,
δ(Vr, Vθ, Vφ) < (100, 150, 150) km s
−1, E < 0 (km s−1)2,
and semimajor axis a < 300 kpc. A similar elimina-
tion of high velocity stars due to blue straggler contam-
5Table 1. Sample summary.
Sample Nstars Stellar type Distance method Reference
LAMOST DR5 13377 K-giant Xue et al. (2014, 2015) Liu et al. (2014); Bird et al. (2019)
SDSS/SEGUE 5332 K-giant Xue et al. (2014, 2015) Xue et al. (2015)
SDSS 3987 BHB Xue et al. (2008, 2011) Xue et al. (2011)
ination within their BHB sample has recently been dis-
cussed by Lancaster et al. (2019). They show that these
high velocity stars tend to occupy the same regions as
blue straggler contaminants in color-color and Balmer
line shape space and accordingly cull these stars using
color and spectral classifications, removing all stars with
SDSS colors satisfying u − g < 1.15 and g − r > −0.07
as well as stars satisfying u − g < 1.15 and cγ < 0.925,
where cγ describes the shape of the Hγ line.
We plot the probability density distributions of dis-
tance, metallicity, and velocity for the K giant samples
from LAMOST and SDSS and for the SDSS BHB sample
in Figure 1 and the distribution of the spherical Galac-
tocentric velocity uncertainties (δVr, δVθ, δVφ) versus
Galactocentric distance rgc in Figure 2. The two K gi-
ant samples are comparable and we combine these for
our analysis of anisotropy; after applying all our selec-
tion criteria described in this section, we remove the
523 stars-in-common from the LAMOST K-giant sam-
ple, leaving a total sample of 18186 LAMOST/SDSS
halo K giants.
The relative distance uncertainties for the K giants
are shown in Figure 1 of Bird et al. (2019) and Figure 4
of Yang et al. (2019a) for LAMOST DR5 K giants and
Figure 9 of Xue et al. (2014) for SEGUE K giants. The
propagated uncertainties in r, g − r, and [Fe/H] yield
a median distance precision of 16 percent or better for
the K giants. SDSS BHB stars have 5 percent distance
precision (Xue et al. 2008, 2011). Bird et al. (2019) find
that the Xue et al. (2014, 2015) distance method for
LAMOST K giants estimates distances which are closer
by 10 percent on average compared with distances esti-
mated by Bailer-Jones et al. (2018). Correcting for the
bias lead to a slight reduction in their velocity anisotropy
estimates. Yang et al. (2019b) use the same distance es-
timates as we use for LAMOST and SDSS K giants and
SDSS BHB stars and make a comparison with Gaia par-
allaxes. They find no distance bias for BHB stars and
a 15 percent bias for K giants, such that the distances
using the method of Xue et al. (2014, 2015) are closer
compared to Gaia based distances. They additionally
find a decrease with Gaia G magnitude such that the
distance bias diminishes for magnitudes G > 14. Less
than 10 percent of our sample halo stars have G < 14.
Other distance methods have been applied to different
samples (with overlaps to our sample), e.g., the meth-
ods of Scho¨nrich et al. (2019), Sanders & Das (2018),
Bailer-Jones et al. (2018), Carlin et al. (2015), Liu et al.
(2014), and Deason et al. (2011b). We select the meth-
ods of Xue et al. (2014, 2015) and Xue et al. (2008,
2011) for K giants and BHB stars, respectively, as these
methods are tailored to our selected star-types as well
as to more metal poor stars such as our selected halo
stars. Distance biases of 10 percent introduce uncer-
tainty on the anisotropy measurements of the halo sam-
ple of ∆β ∼ 0.1 − 0.2 depending on rgc, and are dis-
cussed further in the Appendix. Adopting distances
scaled by ±10% instead of the Xue et al. (2008, 2011)
scale for BHB stars reduces/increases, respectively, the
anisotropy parameter β (see the Appendix and Figure
21).
2.2. Substructure Removal: Xue et al. (2020, in
preparation) Method
Dynamical properties of stars which remain constant
over many orbits of the galaxy can be used to charac-
terize and classify them into substructures. These con-
stants are called integrals of motion. These remain con-
stant under the assumption that the Galactic potential
is stationary and the stars are not perturbed along their
orbits. This is not true for galaxies as a whole during
their formation and evolution, but for halo stars orbiting
the galaxy, this approximation is an adequate simplifica-
tion. Stars which share similar integrals of motion have
similar orbits. Stars which clump in integral of motion
phase space are likely candidates of sharing the same
origin. Despite clumping in integral of motion space,
the stars may be spread along different points in their
orbits, covering a large spatial volume, thus making any
hypothesis of common origins through just the use of
spatial coordinates difficult.
We remove substructure from our halo samples us-
ing the method of Xue et al. (2020, in preparation)
who identify substructure through clustering in integrals
of motion space, namely with eccentricity e = (rapo −
rperi)/(rapo +rperi), semi-major axis a = (rapo +rperi)/2,
(l, b)orbit (the direction of the orbital plane’s polar axis
relative to the defined Galactic coordinate plane), and
the direction of apocenter lapo (the angle between apoc-
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Figure 1. Probability density distributions comparing the LAMOST and SDSS/SEGUE sample halo K giant and SDSS sample
BHB dhelio, [Fe/H], and heliocentric vlos in the Galactic standard of rest frame of reference in the upper panels (left, middle,
and right panels, respectively) and 3D Galactocentric spherical velocities in the lower panels. The respective counts N are
normalized by ((bin height)×(bin width))−1 to form a probability density. Only metallicity [Fe/H] differs much between the
sample distributions.
enter and the projection of the Galactocentric X-axis
on the orbital plane). Xue et al. (2020, in preparation)
use 6D positions and velocities to calculate these five
integrals of motion Oˆ = (e, a, lorbit, borbit, lapo) within a
Galactic potential (a Hernquist (1990) bulge and expo-
nential disk for the stellar components and a spherical
NFW profile (Navarro et al. 1995, 1996, 1997) for dark
matter) and search for stars clustering in these proper-
ties using the friends-of-friends algorithm. The results
of this method have also recently been used to locate
and analyze Sagittarius member stars by Yang et al.
(2019b).
Substructure identification through clustering in the
integrals of motion space is a highly effective method
and has previously been explored by many studies using
both observations (e.g., Helmi et al. 1999, 2006, 2017,
2018; Chiba & Beers 2000; Re Fiorentin et al. 2005, 2015;
Klement et al. 2008, 2009, 2011; Kepley et al. 2007; Mor-
rison et al. 2009; Smith et al. 2009; Yuan et al. 2018; Li
et al. 2019; Koppelman et al. 2019) and simulations (e.g.,
Helmi & de Zeeuw 2000; Knebe et al. 2005; Meza et al.
2005; Pen˜arrubia et al. 2006; Font et al. 2006; Brown
et al. 2005; Choi et al. 2007; Go´mez et al. 2010; Jean-
Baptiste et al. 2017). Two excellent reviews are Klement
(2010) and Smith (2016). Now with the large samples
of halo stars with proper motions from Gaia and line-of-
sight velocities from LAMOST and SDSS, a much more
extensive search for substructure can be made in inte-
gral of motion space. Previously in Bird et al. (2019) we
used E-L space to select the most prominent subset of
the largest substructure, that of the Sagittarius Stream.
We compare results in Section 4.1. A full description
of the substructure removal method will be the topic of
Xue et al. (2020, in preparation).
The removal of substructure reduces our halo samples
from 13377 LAMOST K giants, 5332 SDSS K giants,
and 3987 SDSS BHB stars, to 8050, 3330, and 2530,
respectively.
2.3. Effects of Substructure Removal on Stellar Halo
Kinematics
We next examine the extent to which substructure af-
fects the stellar halo kinematics. Structures seen in con-
figuration and velocity space are considered likely “un-
relaxed” and “non-virial” components within the Galac-
tic halo. Bird & Flynn (2015) showed that such features
in velocity space can be in a transitional phase leading to
relaxation. Deason et al. (2013b) and Cunningham et al.
(2016) explain that dips found in velocity space can be
signatures of shells left from past mergers. As has been
shown in detail in Loebman et al. (2018), the anisotropy
parameter is sensitive to both the presence of satellites in
the halo, and to the passage of satellites through the un-
derlying, smooth and kinematically relaxed stellar halo.
Deason et al. (2018b) and Simion et al. (2019) showed
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Figure 2. Uncertainties in Galactocentric spherical veloc-
ities (δVr, δVθ, δVφ) versus Galactocentric distance rgc for
our sample K-giant and BHB halo stars from LAMOST and
SDSS.
that anisotropy can be used to find apocentric pile-ups
of halo stars left over from large satellite mergers.
In Figure 3 and 4 we show the 3D velocities Vr, Vθ, Vφ
for our K giant and BHB halo samples after substruc-
ture removal and the 3D velocities of the substructure
alone. The velocities are shown as functions of metal-
licity [Fe/H] (lower panels) and Galactocentric radius
rgc (upper panels). The substructure is highly clumped
in velocity along rgc; after removal, the remaining halo
sample is diffuse and smoothly distributed. No clumps
remain discernible by eye. We thus refer to the remain-
ing halo sample as the “smooth, diffuse stellar halo.”
Along all metallicities, both the smooth, diffuse halo and
the substructure have a wide spread in radial velocities.
After stream removal, we compare the radial and az-
imuthal velocities for our LAMOST and SDSS smooth,
diffuse halo star samples in Figures 5−6. We selected
metallicity bins motivated by the metallicity distribu-
tion of our samples (see Figure 1 upper middle panel) in
order to ensure a sufficient number of stars in each bin,
as well as on recent works finding evidence for a depen-
dency between stellar halo kinematics and metallicity
(Myeong et al. 2018b; Deason et al. 2018a; Belokurov
et al. 2018b; Lancaster et al. 2019) to facilitate compar-
ison with those studies. We find that the halo’s veloc-
ity dispersion is more radial closer toward the Galac-
tic Center (upper left panels) and more nearly isotropic
at further distances (lower right panels). Similarly, the
halo’s velocity dispersion is more radial with increasing
metallicity (right panels) and more nearly isotropic with
decreasing metallicity (left panels). These plots are in
agreement with trends seen in the same velocity space
by Belokurov et al. (2018b) for a nearer sample of main
sequence stars.
We measure the velocity dispersion and anisotropy in
the same manner as Bird et al. (2019)1. Unique to the
current work is our choice of bin sizes in rgc, selected in
order to reduce covariance between bins. We select bin
widths which are nearly twice the relative distance un-
certainty, rather than, e.g., fixed bin width or fixed bins
based on the number of stars per bin. For the purpose of
selecting the bin sizes we use 15 percent distance uncer-
tainties for K giants and 10 percent for BHB stars. We
slightly broaden the bin size for our BHB sample, which
have typical relative distance uncertainty ∼ 5 percent,
in order to ensure ∼ 100 or > 100 stars per bin. Subtle
features in the velocity dispersion or anisotropy profile
much smaller than these bin widths for our samples are
likely unresolved due to uncertainties in distance mea-
surements.
To correct for the broadening of the dispersion due
to the uncertainties, we have subtracted in quadrature
1 Velocity dispersions are measured using ROBUST SIGMA
(Freudenreich et al. 1990-2009) which is a routine from IDL
ASTROLIB (Landsman 1993). We use a port to Python found at
https://home.fnal.gov/ stoughto/build/ARCONS/html/ modules
/util/robust sigma.html.
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Figure 3. Space velocities in spherical coordinates (r, θ, φ) for our sample of 18186 halo LAMOST and SDSS K giants for which
we have LAMOST/SDSS line-of-sight velocities and metallicities, and Gaia proper motions (common stars are removed from
LAMOST). The velocities are shown vs. metallicity [Fe/H] in the lower six panels, and vs. Galactocentric distance rgc in the
upper six panels. Left column panels are the smooth, diffuse halo stars and the right are the removed substructure (halo stars
are selected as described in Section 2.1 and substructure is identified using the method of Xue et al. (2020, in preparation), as
described in Section 2.2).
9200
0
200
V r
 [k
m
 s
1 ]
smooth, diffuse halo substructure
ra
di
al
200
0
200
V
 [k
m
 s
1 ]
po
la
r
101
Galactocentric radius rgc [kpc]
200
0
200
V
 [k
m
 s
1 ]
101
Galactocentric radius rgc [kpc]
ro
ta
tio
na
l
200
0
200
V r
 [k
m
 s
1 ]
smooth, diffuse halo substructure
ra
di
al
200
0
200
V
 [k
m
 s
1 ]
po
la
r
2.5 1.5
[Fe/H]
200
0
200
V
 [k
m
 s
1 ]
2.5 1.5
[Fe/H]
ro
ta
tio
na
l
Figure 4. Space velocities in spherical coordinates (r, θ, φ) for our sample of 3987 halo BHB stars for which we have SDSS
line-of-sight velocities and metallicities, and Gaia proper motions. The velocities are shown vs. metallicity [Fe/H] in the lower
six panels, and vs. Galactocentric distance rgc in the upper six panels. Left column panels are the smooth, diffuse halo stars
and the right are the removed substructure (halo stars are selected as described in Section 2.1 and substructure is identified
using the method of Xue et al. (2020, in preparation), as described in Section 2.2).
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the median of the velocity uncertainties (δ˜Vr, δ˜Vθ, δ˜Vφ)
of the stars in each bin, which we show in the third row
of Figure 7 for LAMOST/SDSS K giants and Figure 8
for SDSS BHB stars. The uncertainties remain simi-
lar both before and after substructure removal as seen
in the left and right columns, respectively. For most
bins the corrections are quite small, but do grow with
Galactocentric distance as the stars become fainter, and
the proper motions smaller. In the most distant bins
the corrections are half to about equal the magnitude of
the velocity dispersion we are aiming to measure. BHB
stars are intrinsically fainter than K giants that are near
the tip of the red giant branch, thus the BHB velocity
uncertainties increase more sharply past ∼ 25 kpc com-
pared to K giant velocity uncertainties which increase
more sharply past 60 kpc. Error bars for both velocity
dispersion and anisotropy are estimated from the Pois-
sonian sampling in each bin after propagating all the
sources of error (via Monte Carlo). For each bin we cal-
culate the uncertainty in anisotropy with 1000 Monte
Carlo simulations propagating all sources of error.
Other methods for determining the uncertainty in a
measurement include, e.g., the cumulative distribution
function as recently demonstrated by Cunningham et al.
(2019a), Bayesian techniques which incorporate treat-
ment of contamination such as methods by Deason et al.
(2013b), Cunningham et al. (2016), Lancaster et al.
(2019), Cunningham et al. (2019a), Cunningham et al.
(2019b), or that presented in the appendix of Morrison
et al. (1990). We also must keep in mind a Gaussian
may not be the best fit to the stellar halo velocity dis-
tributions.
We have validated our analysis codes for determining
β as a function of Galactocentric radius via mock data
sets as was done in Bird et al. (2019). These tests are
included in detail in the Appendix.
We bin the stars in Galactocentric radial bins for our
total halo sample (left column) and our smooth, diffuse
halo sample (right column) for LAMOST/SDSS K gi-
ants (Figure 7) and for SDSS BHB stars (Figure 8). The
bin widths are equal to twice the relative distance un-
certainty as described above. In the first row, we show
the number of stars in each bin. Although the bulk of
the stars are within 30 kpc of the Galactic Center, we
have a sufficient number of stars to probe the kinematics
past 100 kpc.
In the second row of Figure 7 and 8, we show the
velocity dispersions (σr, σθ, σφ) and median rotational
velocity V˜φ as functions of Galactocentric radius rgc.
The most obvious influence of substructure is due to
Sagittarius at distances > 20 kpc. The polar disper-
sion component σθ decreases and median rotational ve-
locity components V˜φ decreases. Both before and after
removing substructure, both tangential dispersions are
substantially less than the radial velocity dispersion σr
at all radii out to almost 100 kpc. The orbits are clearly
radial throughout the entire halo.
In Figures 9 and 10, we explore the kinematic statis-
tics and uncertainties in different metallicity bins for
our smooth, diffuse halo samples. We have already seen
trends between kinematics and metallicity in Figures
3−6 and expect to also find trends in the kinematic
statistics. For each metallicity range and star sample,
we use the larger binning scheme in rgc as used for the
K giants previously mentioned. This ensures each bin
has over several tens to hundreds of stars per bin. The
most apparent trend, as seen in Figure 9, is the smaller
spread in tangential velocities (lower two rows) of more
metal rich halo stars compared to the larger spread in
tangential velocities for more metal poor stars, the dif-
ference can be tens of km s−1. Looking at the profiles
along rgc in Figure 9, we find that the trend extends
along distance from the Galactic Center and survives
out to great distance. The trend is largest in the tan-
gential components (σθ, σφ) but still is seen in σr. In
all metallicity bins the dispersions tend to decrease with
increasing rgc. The velocity uncertainties divided within
different metallicity bins remain comparable (Fig. 10).
The fact that the velocity uncertainties change little
with metallicity and that the systematic trend of ve-
locity with metallicity is seen in both K-giant and BHB
samples gives confidence that dependency of the velocity
dispersion with metallicity is a real feature.
3. RESULTS
3.1. Anisotropy profile of the Smooth, Diffuse Milky
Way Halo
Our main results of the anisotropy profiles of the
underlying smooth, diffuse halo star samples of LAM-
OST/SDSS K giants and SDSS BHB stars are shown
in Figure 11. Our derived anisotropy profiles highlight
the highly radial orbits seen for much of the smooth,
diffuse halo. The K giant halo orbits are strongly ra-
dial, with β lying mainly in the range 0.6 to 0.9. The
BHB halo orbits are also highly radial, but slightly less
(by ∆β ∼ 0.1 − 0.3) than the K giants. We show later
that this is likely due to the different metallicity distri-
butions of the two samples (c.f. Figure 1 middle panel
upper row). We show in Section 3.3 that the seemingly
discrepant anisotropy is alleviated when stars of sim-
ilar metallicities are compared. It is remarkable how
nearly constant β is with Galactocentric radius rgc, out
to about 40 kpc, despite the considerable change in the
underlying σr and the two tangential velocity disper-
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Figure 5. Comparison of radial and rotational space velocities Vr and Vφ (spherical coordinates) for our combined sample of
11173 LAMOST and SDSS halo K giants after stream removal (common stars are removed from LAMOST). The legend above
each panel indicates the range of Galacatocentric distance and metallicity. Fig. 5 and 6 are similar, but compare the space
velocities separately for LAMOST/SDSS K giants and SDSS BHB stars, respectively.
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sions as functions of rgc. The lack of dips in the smooth,
diffuse anisotropy profile reflects the characteristic of a
well-mixed, virialized stellar halo. Simulated stellar ha-
los typically show a steady or very slowly rising β pro-
file for rgc > 5 kpc (e.g., Diemand et al. 2005; Abadi
et al. 2006; Sales et al. 2007; Kafle et al. 2012; Rashkov
et al. 2013), which is consistent with what we see for the
smooth, diffuse halo in Figure 11 within 40 kpc. Loeb-
man et al. (2018) have analyzed the simulated stellar
halos of Bullock & Johnston (2005), Christensen et al.
(2012), and Stinson et al. (2013), finding that, except for
several cases involving major mergers, β remains high
(in the range 0.6 to 0.8) out to the limits of their anal-
ysis (70 kpc).
3.2. Effect of Substructure on Anisotropy
In Figure 12, we show the anisotropy profile before
and after removing substructure. The β(r) profile with
substructure still in the sample is shown by the red dots,
and the profile with substructure removed is shown by
the black dots.
Removing substructure has two main influences on
the anisotropy profile for both K giants and BHB stars.
The first is seen within 20 kpc from the Galactic Cen-
ter, where removing substructure causes β to become
slightly less radial. This is likely due to removing
obvious parts of the Gaia-Sausage (Gaia-Enceladus,
Kraken), the ancient past merger with the Milky Way
which has been made more clearly evident through anal-
ysis of the Gaia data releases.
The second is seen at rgc > 25 kpc where removing
substructure increases β. This is in line with expecta-
tion, as Sagittarius is on a high latitude, tangential orbit,
and biases β to appear more tangential (lower values of
β).
3.3. Metallicity Dependence of Anisotropy
We now examine the behavior of β(r) as a function of
the metallicity of the stars. We plot β (Figure 13) ver-
sus rgc for three metallicity subsets. We investigate the
metallicity dependency both in the full halo samples (left
column) and in the smooth, diffuse halo samples after
removing substructure (right column). After removing
substructure, selecting stars over the metallicity range
−3.6 < [Fe/H] < −1.0, and dividing them into three
metallicty bins, we have previously shown the velocity
dispersion profiles (σr, σθ, σφ) (Figure 9) and their corre-
sponding median velocity uncertainties (Figure 10). We
note that our three halo star samples have differing lim-
iting metallicity ranges at the metal poor end as seen
in the upper row, middle panel of Figure 1. LAMOST
K giants have a hard lower limit at [Fe/H]= −2.5 due
to the stellar parameter pipeline used (Wu et al. 2011,
2014). SDSS BHB stars reach to nearly [Fe/H]= −3 and
SDSS K giants to nearly −3.6. As mentioned in Section
2.3, we selected metallicity bins based on the metallicity
distribution of our samples (see Figure 1 middle panel in
the upper row) in order to ensure a sufficient number of
stars, as well as on recent works finding evidence a de-
pendency between stellar halo kinematics and metallic-
ity (Myeong et al. 2018b; Deason et al. 2018a; Belokurov
et al. 2018b; Lancaster et al. 2019) in order to facilitate
comparison which we later expound upon in Section 4.
The general trend, independent of substructure or
stellar type, is that the relatively constant β profile sys-
tematically decreases with metallicity. The velocity un-
certainties divided within different metallicity bins re-
main comparable (Fig. 10). The fact that the velocity
uncertainties change little with metallicity and that the
systematic trend of velocity with metallicity is seen in
both K-giant and BHB samples gives confidence that
this is a real feature. The kinematic and chemical trend
we find is in agreement with Myeong et al. (2018b); Dea-
son et al. (2018a); Belokurov et al. (2018b); Lancaster
et al. (2019) who also find that the more metal rich halo
stars are dominated by highly radial orbits, compared
to the less metal rich halo stars which are much less
radially dominated to near isotropic.
Considering the smooth, diffuse halo samples (Figure
13, right column), the most metal poor bin (−3.6 <
[Fe/H] < −2.2) for both K giants and BHB stars show
β ∼ 0.4 and with a large scatter at different radius and
between samples of ±0.2 to ±0.3. The K giants show the
largest β values of up to 0.9 for [Fe/H]> −1.7. The same
highest metallicity bin for BHB stars shows values of
β ∼ 0.8, slightly lower compared to the same metallicity
range for the K giants.
Interestingly, excluding the more metal rich halo stars
with [Fe/H] > −1.7, both the smooth, diffuse halo K gi-
ants and BHB stars (Figure 13, right column) have sim-
ilarly valued constant anisotropy profiles to the furthest
extent of our sample (∼ 100 kpc and ∼ 60 kpc, respec-
tively); albeit the anisotropy for the two metallicity bins
which we investigate (−2.2 < [Fe/H] < −1.7 and [Fe/H]
< −2.2) is systematically shifted by ∆β ∼ 0.1−0.3. For
the metallicity range −2.2 < [Fe/H] < −1.7 the samples
show nearly constant β of 0.7 − 0.5; for [Fe/H] < −2.2
the samples show β ∼ 0.2− 0.6, nearly constant within
the uncertainties. The more metal rich samples with
[Fe/H] > −1.7 show a declining trend with distance in
anisotropy which becomes apparent ∼ 20 kpc, a slow
decrease for K giants totaling ∆β ∼ 0.3 at the extent of
our sample although quite drastically for BHB stars (see
13
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Figure 6. Comparison of radial and rotational space velocities Vr and Vφ (spherical coordinates) for our sample of 2530 SDSS
halo BHB stars after stream removal. Fig. 5 and 6 are similar, but compare the space velocities separately for LAMOST/SDSS
K giants and SDSS BHB stars, respectively.
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Figure 7. Total LAMOST/SDSS halo K-giant sample before substructure removal (left column) and the smooth, diffuse K-
giant halo stars (right column) after applying the method of Xue et al. (2020, in preparation) for substructure removal, binned
in Galactocentric radial bins. Each marker represents the median radius of the stars within our selected radial bins. The error
estimates for each star are propagated from the distance errors, line-of-sight velocity errors, and two Gaia DR2 proper motion
error estimates. Error bars are estimated from the Poissonian sampling in each bin. The first bin contains stars within rgc = 2−7
kpc. The remaining bins end at rgc = 8, 10, 13, 17, 22, 29, 38, 50, 110 kpc. First row: number of stars. Second row: three
velocity dispersion components (σr, σθ, σφ) and median rotational velocity V˜φ. Third row: median errors (δ˜Vr, δ˜Vθ, δ˜Vφ) on
the velocities.
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Figure 8. Total BHB halo sample (left column) and smooth, diffuse halo BHB sample (right column), binned in Galactocentric
radial bins. Similar to Figure 7 but for BHB stars. Each marker represents the median radius of stars within our selected radial
bins. The error estimates for each star are propagated from the distance errors, line-of-sight velocity errors, and two Gaia DR2
proper motion error estimates. Error bars are estimated from the Poissonian sampling in each bin. The first bin contains stars
within rgc = 2 − 7 kpc. The remaining bins end at rgc = 8, 10, 12, 14, 17, 20, 24, 29, 34, 41, 80 kpc. First row: number of
stars. Second row: three velocity dispersion components (σr, σθ, σφ) and median rotational velocity V˜φ. Third row: median
errors (δ˜Vr, δ˜Vθ, δ˜Vφ) on the velocities.
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Figure 9. Metallicity dependence of velocity dispersion (last three rows) for the smooth, diffuse halo LAMOST/SDSS K
giant and SDSS BHB stars (left and right columns, respectively). First row shows the number of stars for each radial bin and
metallicity range. The same binning scheme and metallicity range is used as well in Figures 10 and 13.
17
101 102
Galactocentric radius rgc [kpc]
101
4 × 100
6 × 100
2 × 101
3 × 101
m
ed
ia
n 
of
 V
r e
rro
r [
km
 s
1 ]
smooth KG halo
-1.7<[Fe/H]<-1
-2.2<[Fe/H]<-1.7
-3.7<[Fe/H]<-2.2
101 102
Galactocentric radius rgc [kpc]
101
4 × 100
6 × 100
2 × 101
3 × 101
m
ed
ia
n 
of
 V
r e
rro
r [
km
 s
1 ]
smooth BHB halo
-1.7<[Fe/H]<-1
-2.2<[Fe/H]<-1.7
-3<[Fe/H]<-2.2
101 102
Galactocentric radius rgc [kpc]
101
102
m
ed
ia
n 
of
 V
 e
rro
r [
km
 s
1 ]
101 102
Galactocentric radius rgc [kpc]
101
102
m
ed
ia
n 
of
 V
 e
rro
r [
km
 s
1 ]
101 102
Galactocentric radius rgc [kpc]
101
102
m
ed
ia
n 
of
 V
 e
rro
r [
km
 s
1 ]
101 102
Galactocentric radius rgc [kpc]
101
102
m
ed
ia
n 
of
 V
 e
rro
r [
km
 s
1 ]
Figure 10. Median velocity uncertainties within metallicity bins for the smooth, diffuse halo LAMOST/SDSS K giant and
SDSS BHB stars (left and right panels, respectively). Number of stars in each bin is shown in the top row of Figure 9.
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Figure 11. Velocity anisotropy profiles for the smooth, dif-
fuse halo star samples of LAMOST/SDSS K giants and SDSS
BHB stars. The error bars on β are propagated through from
the errors in measuring σr, σθ and σφ (cf. Figure 7 and 8).
The larger error bars for BHB stars reflect the smaller num-
ber of stars per bin as compared to K giants; although, we
select a larger number of radial bins to reflect the higher
relative distance accuracy of the BHB stars.
our note concerning increasing uncertainties concluding
this subsection) with a drop ∆β ∼ 0.8!
The full sample of K giants and BHB stars show sim-
ilar dependency on metallicity, except the most appar-
ent difference is the influence of the substructure at dis-
tances rgc > 20 kpc which is less radial at all metallic-
ities compared to the smooth, diffuse halo. Removing
the substructure extends the constant anisotropy pro-
file along rgc. An exception to the general trend is the
anisotropy of the last bin for the full BHB sample, which
is more radial compared to the smooth halo sample for
the highest and lowest metallicity bins considered.
Beyond 40 kpc, we note that the sample size decreases
and uncertainties in the distance and velocities increase,
all of which influence β and any trends should be treated
with caution.
3.4. Uncertainties
Three factors play large roles in influencing the
anisotropy profile presented in this work.
The first is the stream removal method. We find the
β profile is constant out to larger Galactocentric dis-
tances before gently falling compared to the profile of
Bird et al. (2019). The E − L stream removal em-
ployed by Bird et al. (2019) was not intended to be a
complete stream removal method, but rather a demon-
stration showing how removing a large portion of the
Sagittarius Stream changes the anisotropy profile. The
currently presented anisotropy profile uses fully stream
removed samples (the streams most obvious in integrals
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Figure 12. Anisotropy parameter β as a function of Galac-
tocentric radius rgc for the smooth, diffuse halo star sample
(black dots) after substructure is flagged and removed using
the method of Xue et al. (2020, in preparation), and for the
entire halo star sample (red dots). LAMOST and SDSS K
giants are in the upper panel and SDSS BHB stars in the
lower panel. The error bars on β are propagated through
from the errors in measuring σr, σθ and σφ (cf. Figure 7 and
8).
of motion). Binning the data in similar metallicity bins
enhances the flatness of β along rgc.
Even before stream removal, the anisotropy in the
outer-most radial bins presented in the current work dif-
fer by ∼ 0.1 − 0.2 to those of Bird et al. (2019). The
reason for the difference is likely due to the slightly dif-
ferent selection criteria based on the Xue et al. (2020,
in prep.) method. Those stars with E > 0 and semi-
major axis a > 300 km s−1 are removed from the current
data sample, whereas in Bird et al. (2019), these stars
remained in the sample. These stars have higher tangen-
tial velocity values and thus tend to decrease anisotropy.
Secondly, as analyzed and discussed in Hattori et al.
(2017) (as well as the appendices of Loebman et al.
(2018) and Cunningham et al. (2019b)), influencing the
anisotropy profile is the lack of stars in distant bins. The
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Figure 13. Metallicity dependence of anisotropy for our total sample (left column) and for our smooth, diffuse halo sample
(right column) for LAMOST/SDSS K giants (upper panels) and SDSS BHB stars (lower panels). Number of stars in each bin
for the smooth, diffuse halo is shown in the top row of Figure 9. The metallicity dependence of anisotropy is seen regardless of
stellar type or substructure removal.
mocks shown in the Appendix of this paper investigate
the amount of uncertainty which is added to our analy-
sis due solely to Poisson uncertainties as well as Poisson
uncertainties combined with measurement uncertainties
estimated from the real data. We recover the underlying
profile well, but the uncertainty of β in each bin indeed
increases with decreasing stars per bin.
Thirdly, Lancaster et al. (2019) and Cunningham
et al. (2019b) point out that the gentle decrease in Bird
et al. (2019) anisotropy profile for distances past ∼ 30
kpc may be enhanced due the increasing uncertainties in
distances and proper motions. The mocks in the current
work agree that the increasing measurement uncertain-
ties cause the β profile to gently drop by ∆β < 0.1.
We also find, as mentioned first among the three uncer-
tainties here discussed, that the stream removal method
also influences the amount β decreases at large radii by
∆β ∼ 0.1− 0.2.
4. DISCUSSION AND CONCLUSIONS
4.1. Comparison with Bird et al. (2019)
Both Bird et al. (2019) and the current study use
LAMOST halo K giants and find the same main results,
first of a quite constant β profile, second, which retains
constant values to larger distances after substructure is
removed, and third of a systematic decrease in the con-
stant β profile with decreasing metallicity. We compare
the anisotropy profiles in Figure 14.
In Bird et al. (2019) we very conservatively cut the
LAMOST K-giant sample to metallicities [Fe/H] < −1.3
in order to probe the halo only. This limit was based on
our estimated metallicity errors of 0.1 dex and an ex-
amination of a fuller data set of LAMOST K giants (for
metallicities up to Solar ([Fe/H] = 0) the disk-to-halo
transition occurs at [Fe/H] = −1 for the stars analyzed
(for which |Z| > 5 kpc)). The [Fe/H]< −1 K-giant ve-
locities are clearly those of a nearly non-rotating, pres-
sure supported population, with no sign of a much faster
rotating thick disk (or disk). In our current study, we
aim to add to our sample more nearby halo K giants
and BHB stars, 2 < |Z| < 5 kpc. By selecting only stars
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Figure 14. LAMOST K giant velocity anisotropy profile
comparison of Bird et al. (2019, black and red open triangles)
and this current work (black and red closed circles). We plot
the total LAMOST K giant samples of both studies in red.
After employing the Bird et al. (2019) E − L Sagittarius re-
moval method and the current complete integrals-of-motion
substructure removal method Xue et al. (2020, in prepara-
tion), we plot the resulting anisotropy profiles in black open
triangles and black closed circles, respectively.
with [Fe/H]< −1 we ensure that the added stars belong
to the metal poor halo.
Kinematic substructures appear prominently in E-
L space, due to common energy and angular momen-
tum. A large bulk of Sagittarius stars are found at
E = −90000 (km s−1)2 and L = 5000 kpc km s−1. In
Bird et al. (2019), we selected a large portion of Sagit-
tarius using the criteria E < −80000 (km s−1)2 and
4000 < L < 6000 kpc km s−1 (Bird et al. 2019, red
markers in Figure 6), and find that the removal of these
stars increases the value of β and past 20 kpc the β(r)
profile becomes more radial (Figure 14 and Bird et al.
(2019, Figure 7)). In this analysis, we seek to remove as
much of the remaining substructure as possible. To do
this we use the method of Xue et al. (2020, in prepara-
tion) which selects stars sharing common integrals of
motion. This method effectively removes all obvious
substructure in E − L space. This additional effort to
remove all obvious substructure enhances the constant
β profile with radius, removing more radially dominated
substructure within 10 kpc and more tangentially dom-
inated substructure past 20 kpc. BHB stars noticeably
have less tangentially dominated substructure to be re-
moved.
The results of these two works are complementary and
the similarities between both K giants and BHB stars
strengthens confidence in the results.
4.2. Comparison with Cunningham et al. (2019b)
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Figure 15. Anisotropy parameter β as a function of Galac-
tocentric radius rgc for our K giant and BHB samples com-
pared with the spherically averaged β estimates of main se-
quence (MS) stars from Cunningham et al. (2019b). As in
Figure 12, both the smooth, diffuse halo star sample (black
dots) after substructure was flagged and removed using the
method of Xue et al. (2020, in preparation), and the entire
halo star sample (red dots) are shown. LAMOST and SDSS
K giants are in the upper panel and SDSS BHB stars in the
lower panel. The anisotropy of the main sequence stars (blue
squares) of Cunningham et al. (2019b) fall in between our re-
sults for K giants and BHB stars and is consistent with our
results within the uncertainties.
HALOS7D (Cunningham et al. 2019a,b) is a project
which allows the measurement of β in HST CANDELS
fields using main-sequence turnoff stars. Line-of-sight
velocities are measured with Keck II / DEIMOS spec-
troscopy and proper motions are measured using multi-
epoch fields from HST . The first results show β varies
from one field to another, but the general trend (mea-
sured over similar magnitude bins equivalent to dis-
tances of rgc ∼ 20 − 30 kpc) show radial anisotropy
increasing with distance. Their spherically averaged
anisotropy estimates show β ∼ 0.6 − 0.7 which is in
excellent agreement to our estimates with K giants and
BHB stars. We compare these results in Figure 15. As
21
Cunningham et al. (2019b) do not remove substructure
from their sample, we make the comparison using our
samples both with and without substructure removed.
We overplot the spherically averaged, binned in mag-
nitude, main sequence star anisotropy (blue squares) of
Cunningham et al. (2019b) over our anisotropy measure-
ments from the sample K giants (upper panel) and BHB
stars (lower panel), both for our samples with substruc-
ture (red circles) and with substructure removed (black
circles). The main sequence star anisotropy profile lies
between our K giant and BHB star anisotropy profiles,
regardless of removing substructure or not. This shows
the dependency of the anisotropy profile with stellar
population, which may be a proxy of many different
factors, e.g., average metallicty, age, or properties of
the satellite in which they formed (infall time, orbital
characteristics, etc.).
Considering the field-to-field anisotropy variation
found by Cunningham et al. (2019b), their most ex-
treme value for one of their individual fields, slightly
below β = 0.25, is comparable to, although slightly
lower than, the most metal poor halo stars in our K gi-
ant and BHB samples, [Fe/H] < −2.2. Their field may
primarily be dominated by stars with such low metallic-
ity and thus similarly lower β values, or, alternatively,
as they postulate, may be dominated by substructure
or stars kicked-up from the disk, which would have
their own unique metallicity perhaps different from the
smooth, diffuse halo stars.
A detailed comparison with this work will more easily
be made once their metallicities are analyzed and sub-
structure is removed with similar methods. Until then,
the the samples are in agreement within the scatter (due
to number statistics, differing average metallicities, and
substructure removal). We do not explore within these
data sets localized β structure such as the fields of HA-
LOS7D. We leave this for future work. The β profile
is used in the Jeans equation to estimate the mass of
the Galaxy, although the impact on the total mass es-
timate due to localized changes in β will need further
exploration.
4.3. Comparison with Lancaster et al. (2019)
Lancaster et al. (2019) use a Gaussian mixture model
to fit the velocities and metallicities of halo BHB stars.
In their model, the highly radial, more metal rich com-
ponent characterizes stars belonging to the ancient Gaia-
Sausage merger event. The second component is less ra-
dial and more metal poor; this fit represents halo stars
built up over time from minor mergers.
In order to compare our analysis with the results of
Lancaster et al. (2019), we carefully select two subsam-
ples from our halo LAMOST/SDSS K giant and BHB
stars. We select these subsamples such that they most
likely have the same origin as the Lancaster et al. (2019)
model representative stars, namely either originating
from an ancient radial merger or from the smooth, dif-
fuse halo which is built up over time from many mergers.
We select a subsample from the substructure found
in our halo LAMOST/SDSS K giant and BHB stars us-
ing the method of Xue et al. (2020, in preparation). Our
selection criteria are semimajor axis < 20 kpc and eccen-
tricity > 0.7. These substructure stars are likely mem-
bers of large ancient radial mergers in our Galaxy, one
of the most likely candidates being the Gaia-Sausage.
As the Xue et al. (2020) method defines groups of stars
most likely part of the same substructure based on their
integrals of motion, some of the stars within the same
group (i.e., part of the same substructure) may not meet
our requirements for the semimajor axis and eccentric-
ity. We keep all groups such that > 60% of the stars
meet the requirements. In Figure 16, we see in the up-
per right panel that the majority of our selected Gaia-
Sausage candidates have semi-major axis < 20 kpc and
eccentricity > 0.7, but indeed some substructure mem-
bers are outside of these criteria. In the lower right
panel of Figure 16, we plot the anisotropy profile of our
selected LAMOST/SDSS K giant stars from the up-
per right panel, apply the same criteria to our BHB
substructure stars, and make our comparison with the
highly radial component of Lancaster et al. (2019) which
they find using their Gaussian mixture model. The
anisotropy profiles match very well and both methods
select similar highly radial stars (β ∼ 0.9).
We next compare a subsample of our smooth, dif-
fuse halo stars to the second component fit, which is
near-isotropic, from the Lancaster et al. (2019) Gaus-
sian mixture model; these represent the stars built up
over time by many mergers. We plot our selected stars
for this comparison in the upper left panel of Figure 16
in the space of semi-major axis and eccentricity. Lan-
caster et al. (2019) remove the obvious substructure
from Sagittarius before they apply their method; as our
sample has had substructure removed by the method of
Xue et al. (2020), we simply select stars in a compa-
rable metallicity range −2.1 < [Fe/H] < −1.7 to those
from the isotropic component of Lancaster et al. (2019)
(mean µ[Fe/H] ∼ −1.9, dispersion σ[Fe/H] ∼ 0.1). As
seen in the lower left panel of Figure 16, the anisotropy
profiles from the two methods differ very substantially,
by ∆β ∼ 0.3− 0.4.
Differences between the anisotropy profile for the
smooth, diffuse halo stars in Figure 16 are most likely
due to the different methods used to model the velocity
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Figure 16. Comparison of the anisotropy profile β(rgc) with the work of Lancaster et al. (2019). Upper panels: Semi-major
axis and eccentricity distribution for our smooth, diffuse halo stars (left) and for our substructure stars (right) most comparable
to the Sausage component of the Lancaster et al. (2019) Gaussian mixture model. K giants are shown; selected BHB stars
share a similar distribution. This parameter space is used to select stars characteristic of the highly radial Sausage component.
Lower left panel: Smooth, diffuse halo star samples selected from the current sample of LAMOST/SDSS K giants and SDSS
BHB stars (small red circles and small blue triangles, respectively) within a metallicity range comparable to the near-isotropic
component from the Gaussian mixture model of Lancaster et al. (2019) (large cyan triangles). In the range −2.1 < [Fe/H]
< −1.7, we find within our smooth, diffuse halo star sample a total of 2587 LAMOST/SDSS K giants and 895 SDSS BHB
stars. Lower right panel: LAMOST/SDSS K giant and BHB stars in kinematically highly radial substructure (small red
circles, 4113 stars, and small blue triangles, 830 stars, respectively) as defined by the Xue et al. (2020, in preparation) method.
These substructure stars are comparable in kinematics to the highly radial Sausage component of Lancaster et al. (2019) (large
magenta triangles). We plot our substructure stars such that > 60% member stars have eccentricity > 0.7 with semimajor axis
< 20 kpc. Neither our substructure stars nor Lancaster et al. (2019) apply metallicity restrictions except for the exclusion of
spurious SDSS BHB measurements (i.e., not measured or [Fe/H] ≤ −3). Note in both these lower panels, the BHB stars selected
by Lancaster et al. (2019) are from the Xue et al. (2011) catalog, which we also use, although the selected stars from the catalog
are slightly different and the analysis methods are different.
dispersions, which lead to different criteria for assigning
a star to one model fit or another. The Gaussian mixture
model strives to fit all highly radial stars with one com-
ponent and a second component is used to fit those stars
remaining. The Xue et al. (2020) method groups stars
which share similar integrals of motion; thus stars with
highly radial orbits remain in our smooth halo sample if
they are not obvious members of an integral-of-motion
group. These results imply that many stars with highly
radial orbits no longer are obviously identifiable as mem-
bers of the same substructure in integrals of motion.
If members of the ancient Gaia-Sausage are no longer
obviously selected as substructure, they can be catego-
rized as members of the smooth, diffuse halo component
of the Milky Way. This is an important determination
as one would like to use the virialized halo stars for mass
estimation.
4.4. Clues to Milky Way’s Dynamics
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Figure 17. Anisotropy comparison of the main sequence stars (MS) of Belokurov et al. (2018b) with our total halo sample
(left column) and smooth, diffuse halo sample (right column) for LAMOST/SDSS K giants (upper panels) and SDSS BHB stars
(lower panels). We find broad agreement between the two studies for the behavior of β with metallicity. The dependence of β
on metallicity is independent of substructure and stellar type. The number of stars per bin for the K giant and BHB samples
of the current work are shown in the upper part for each of the four panels. Note, for the samples of this work, we plot neither
stars with |Z| < 2 kpc nor bins with a number of stars N < 10. We plot the median metallicity of our sample stars within each
bin.
Independent of star type, metallicity, or substructure,
we find the spherically averaged stellar halo anisotropy
profile to be radially biased. Such a radially biased
anisotropy is in agreement with simulations, although in
this study we have not yet detected a definite rise in the
profile, as is commonly found in simulations (Diemand
et al. 2005; Abadi et al. 2006; Sales et al. 2007; Rashkov
et al. 2013). Instead, for our smooth, diffuse K giant and
BHB halo samples, we find a steady decline of β with
increasing rgc, and for different metallicity bins, a fairly
constant anisotropy profile, within the uncertainties, of
β ∼ 0.6 and 0.2 < β < 0.6 for −2.2 < [Fe/H] < −1.7
and −3 < [Fe/H] < −2.2, respectively. A shallow rise
in the profile may exist and remain hidden within the
uncertainties of our sample.
Our results are in good agreement with Belokurov
et al. (2018b), who have analyzed the anisotropy of
a sample of main sequence halo stars, for which, as
here, full kinematical and chemical data are available.
Their sample has been selected from SDSS and Gaia
DR1, and are within ≈ 10 kpc of the Sun. We se-
lect a sample of our stars with dhelio < 10 kpc and
consider the same metallicity bins, [Fe/H] within the
range (−3,−2.3,−2,−1.66,−1.33,−1), and height from
the Galactic midplane as in Belokurov et al. (2018b).
We compare the results in Figure 17.
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The orbits of the of the nearby halo main sequence
stars of Belokurov et al. (2018b) with [Fe/H] > −1.66
show highly radial β ≈ 0.9, with β declining to more
mildly radial orbits (0.2 < β < 0.4) down to the lowest
metallicities probed ([Fe/H]≈ −3). Regardless of re-
moving substructure, our halo K giants and BHB stars
show similar anisotropy trends with metallicity.
This decline in β with metallicity for the nearby stars
is comparable to what we have found in the distant halo
for rgc > 20 kpc. After removing substructure, we find
the anisotropy profiles for our two lower metallicity bins
(Figure 13, −2.2 < [Fe/H] < −1.7 and −3 < [Fe/H]
< −2.2) remain constant (β ∼ 0.6 and 0.2 < β < 0.6,
respectively) to the extent of the samples, the last bins
reaching ∼ 100 kpc for K giants and ∼ 60 kpc for BHB
stars).
Lancaster et al. (2019) find that the fraction of stars
contributing to the more radial anisotropic component
of BHB stars, those which they characterize as Gaia-
Sausage members, drops sharply beyond rgc ∼ 30 kpc
and point out that this corresponds to the same distance
as the break radius in the BHB stellar density profile
found by Deason et al. (2011b) and the apogalacticon of
an ancient merger found by Deason et al. (2018a). As
seen in the number histogram in the top right panel of
Figure 9, we see a similar feature such that the num-
ber of stars in our most metal rich sample of BHB
stars (−1.7 < [Fe/H] < −1) drops at beyond rgc ∼ 30
kpc. As seen in Figure 13 (lower panel), we measure
a significantly lower value of anisotropy for these stars,
β ∼ 0.0 − 0.2 as compared to β ∼ 0.6 − 0.8 within 30
kpc. The large drop in anisotropy for these more metal
rich stars may be enhanced by low number statistics as
there are only a few tens of BHB stars at this distance.
A larger sample of BHB stars will help clarify the pic-
ture. On the other hand, we measure β ∼ 0.7 − 0.9 for
the more metal rich smooth, diffuse LAMOST/SDSS K
giant stellar halo (−1.7 < [Fe/H] < −1) reaching to the
end of our sample beyond rgc = 50 kpc with several
hundred stars in the last radial bin (anisotropy profile
in Figure 13 upper left panel and number histogram in
Figure 9 upper left panel).
Our finding of radial anisotropy past the break radius
matches the recent predictions of Elias et al. (2020).
They analyze a suite of ∼ 150 Milky Way analogs from
Illustris. The characteristic highly radial orbits, high
metallicity for halo stars, and compact apocentric radius
rgc < 30 kpc is uncommonly found in the simulations.
They find that the one simulated radial merger, which
produces the most similar stellar halo compared to the
recent results found in our Galaxy, deposits stars past
the bulk concentration of the merger remnants (rgc > 30
kpc). The distant (rgc > 30), more metal rich (−1.7 <
[Fe/H] < −1), kinematically radial (β > 0.7) halo stars
which we find in our smooth, diffuse LAMOST/SDSS
K giant samples are intriguing. A detailed analysis of
their chemical properties, such as can be provided by
long spectroscopic exposures will help clarify the origin
of these stars.
Despite the differences (samples, methods) between
the current work and those of Belokurov et al. (2018b)
and Lancaster et al. (2019), the general trend is in agree-
ment such that the more metal rich halo samples are on
highly radial orbits and the more metal poor are still
on slightly radial orbits, but to a much less degree, a
difference in anisotropy of ∆β ∼ 0.3− 0.6.
In earlier studies of the Milky Way, e.g., Carollo et al.
(2007) and Deason et al. (2011a), a picture has emerged
of a two-component halo which differs in spatial distri-
butions of metallicity, age, and kinematics. The same
formation and evolution processes responsible for the
dichotomy found by these previous studies help to form
the velocity anisotropy profile dependency on metallic-
ity which we find in this study. Finding similar trends,
Hattori et al. (2013) and Kafle et al. (2013), in studies of
halo BHB stars within a few tens of kpc, have noted that
anisotropy is a function of metallicity. In both studies,
the halo stars are subdivided into two metallicity bins at
[Fe/H] = −2, and the difference in the kinematics (i.e.
anisotropy and the bulk rotation) of the two sub-samples
is argued to support the two-component picture for the
halo. They find that the lower metallicity stars have
rounder orbits — although the anisotropy obtained is
significantly lower than what we find for our metal poor
stars (we find β ≈ 0.6 whereas they find much rounder
orbits, with β ≈ 0 to −1). We find a strong depen-
dency of the anisotropy profile with metallicity; such a
trend could be caused by the overlapping of two or more
components to the stellar halo, although we here do not
further investigate the best fitting number of compo-
nents needed to model the K giants and BHB stars. We
leave this for future work.
The cause of the anisotropy dependency with metallic-
ity is likely a complex correlation with the hierarchical
merging history of the Galaxy. Previous studies (e.g.,
Fattahi et al. 2019; Amorisco 2017; Mackereth et al.
2019; Kruijssen et al. 2019) analyze the dependency of
the chemical composition of the merging satellites, their
mass and concentration, as well as their infall time in
relation to the chemodynamical properties of the stellar
halo. The last significant merger dominates the stel-
lar halo chemodynamical properties. As described by
the relation between galaxy metallicity and stellar mass
for dwarf galaxies, larger satellites tend to have higher
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metallicities (Kirby et al. 2013). These larger satellites
are typically more concentrated and tend to plunge deep
into the more central regions of the Galaxy, dispersing
their member stars on radial orbits throughout the halo
(e.g., Amorisco 2017; Deason et al. 2013a).
Because of the various unique characteristics of dif-
ferent Milky Way-type stellar halos, both seen in obser-
vations (e.g., Mouhcine et al. 2005a,b; Monachesi et al.
2016; Merritt et al. 2016; Harmsen et al. 2017) and sim-
ulations (e.g., Renda et al. 2005; Cooper et al. 2010;
D’Souza & Bell 2018; Elias et al. 2018), we need ob-
servations of our Galaxy in order to constrain and dis-
entangle the processes and events which have shaped
our stellar halo to such as we now observe it. For ex-
ample, in a recent analysis of stellar anisotropy mea-
surements, Cunningham et al. (2019b) detail the stel-
lar halo anisotropy from two Milky Way-type galaxies
in FIRE in order to compare to their observed radially
dominated main sequence halo stars; they find one sim-
ulated stellar halo is radially dominated and the other is
tangentially dominated, thus showing the need for obser-
vational constraints to decipher from simulations which
formation histories lead to the observed data. These ob-
servational constraints allow us to place the Milky Way
on the cosmological scale in order to compare to other
similar galaxies, giving us clues as to which events lead
to which stellar halo characteristics.
Robertson et al. (2005), Cooper et al. (2010), Dea-
son et al. (2016), Amorisco (2017), and D’Souza &
Bell (2018) find that the last (or last few) significant
merger(s) dominate the features of Milky Way-type
galaxies such as the mass, metallicity, and dynamics of
the stellar halo. Deason et al. (2013a) and Belokurov
et al. (2018a) put forward the case that Milky Way expe-
rienced an ancient satellite merger ∼ 10 Gyr ago which
reveals itself today in left-over shells (detected in den-
sity) and through the mixture of RR Lyrae type ab with
rgc. Deason et al. (2018b) and Simion et al. (2019) show
that in the Milky Way the apocentric pile-ups of the an-
cient merger can be detected through features found in
anisotropy. Belokurov et al. (2018b) analyze simulations
and further develop the picture of an early merger, find-
ing that the highly radial halo component they detect
with nearby halo main sequence stars results in the sim-
ulations when large satellites merge early on and the
highly radial anisotropy is enhanced when the merger
occurs during the disk’s formation around z = 2. Our
results of the smooth, diffuse halo anisotropy profile de-
pendency on metallicity is also in line with this early
merger picture. A large majority of stars from this early,
massive, radial merger with our Galaxy can be expected
to have virialized and contributed to the smooth, dif-
fuse halo component (perhaps the vast majority that
of), e.g., such as the mixed components of halo stars
seen in simulations by Johnston et al. (2008). The fact
that we see similar anisotropy-metallicity dependency
for both our total halo samples (before removing sub-
structure) and smooth, diffuse halo samples (as seen in
Figures 13 and 17) likely results from the same domi-
nating contributor to the stellar halo, the last (or last
few) significant merger(s). Further analysis of stellar
halo anisotropy in simulations will be useful to develop
a clearer understanding of events leading to anisotropy-
metallicity dependence of the smooth halo component.
As a clue to the dynamical mass modeling of the
Milky Way, since the anisotropy depends on metallic-
ity, we can assume they trace the same Milky Way
potential and that the density profile of these Milky
Way stellar samples also depends on metallicity. Si-
multaneously using different stellar populations with
different anisotropy and density profiles helps leverage
against the degeneracies in galaxy mass estimation (e.g.,
Battaglia et al. 2008; Walker & Pen˜arrubia 2011; Ag-
nello & Evans 2012; Amorisco & Evans 2012; Amorisco
et al. 2013; Agnello et al. 2014; Napolitano et al. 2014;
Pota et al. 2015; Zhu et al. 2016). The aforementioned
works sought to alleviate such degeneracies as between
the concentration–virial mass (Humphrey et al. 2006;
Kafle et al. 2014), dark halo mass–velocity anisotropy
(Merrifield & Kent 1990; Dekel et al. 2005; Deason et al.
2012; Kafle et al. 2012; Agnello et al. 2014; Kafle et al.
2014), luminous mass–dark halo mass (Agnello et al.
2014; Napolitano et al. 2014; Pota et al. 2015), dark halo
density–dark halo scale radius (Napolitano et al. 2011),
dark halo mass slope–virial mass (Walker & Pen˜arrubia
2011; Agnello & Evans 2012), and the debate over cored
vs. cusped central regions of dark halos (Kleyna et al.
2002; Koch et al. 2007; Walker et al. 2009; Walker &
Pen˜arrubia 2011; Agnello & Evans 2012; Amorisco &
Evans 2012; Breddels et al. 2013; Breddels & Helmi
2013). The main degeneracies which influence the esti-
mate of the Milky Way dark halo mass are those of the
stellar density slope–velocity anisotropy (now largely al-
leviated through measuring β in this work), dark halo
density–dark halo scale radius, and dark halo mass
slope–virial mass. Currently the strength of the aid from
different tracers with different anisotropy is unclear and
future work is planned to fully utilize the data towards
mass estimation.
4.5. Conclusions
We summarize in the following four results and then
make our conclusions.
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First, we use the largest sample of halo stars (22696
stars) to measure the radially dominated anisotropy pro-
file out to the furthest reached distances (rgc ∼ 100 kpc)
to date; we find a nearly constant radially dominated
anisotropy profile for K giants and BHB stars within a
Galactocentric radius of 20 kpc. We note that the K gi-
ants and BHB stars peak at different metallicities, which
explains the two seemingly discrepant anisotropy pro-
files when considering the total samples over all metal-
licities (0.6 < β < 0.9 for K giants and a downward shift
of ∆β ∼ 0.1− 0.3 for BHB stars).
Second, we find the stellar halo anisotropy profile is
dependent on metallicity. More relatively metal rich
halo stars in our sample are on more radially dominated
orbits compared to the less metal rich halo stars. This
results is in agreement with previous observational and
theoretical works.
Third, different stellar types within similar metallicity
ranges share similar anisotropy profiles (∆β ∼ 0.1 −
0.2) regardless of substructure removal. We find this
for our halo K giants and BHB stars, as well as in a
comparison with the main sequence stars analyzed by
Belokurov et al. (2018b).
Fourth, the 3D velocity dispersion profiles decline in
such a manner that the anisotropy profile remains con-
stant. We use a more robust substructure removal
method compared to Bird et al. (2019) and show that
resulting anisotropy profile after substructure removal
remains constant out to a further distance (∼ 20 kpc)
than compared to before removing substructure. Our
smooth, diffuse K giant and BHB samples share con-
stant anisotropy to the extent of the profiles for [Fe/H]
< −1.7, with 0.2 < β < 0.7 depending on the metal-
licity range probed. The constant anisotropy profiles
for the smooth, diffuse halo peak at β ∼ 0.9 for K gi-
ants and β ∼ 0.8 for BHB stars within 20 kpc for the
more metal rich samples [Fe/H] > −1.7; at larger dis-
tances the anisotropy profile declines to β ∼ 0.7 and
β ∼ 0.0− 0.2 for K giants and BHB stars, respectively.
The data and our analysis lead to two main constraints
on the assembly history of the Milky Way stellar halo.
First constraint, an underlying, radial β, virialized
halo exists. Lots of substructure needs removing. We
can hopefully use the smooth, diffuse halo star sample to
measure the mass profile M(r). The remarkable agree-
ment of the observed radially-dominated anisotropy pro-
file and those of simulations gives support for the pic-
ture where the properties of Milky Way-type stellar ha-
los are strongly dependent on the last (few) significant
merger(s).
Second constraint, the dependency of metallicity at
all radii probed (the furthest stars reaching 100 kpc) is
complementary and may be a (or one) natural outcome
of the picture where the last significant mergers domi-
nate the bulk of the stellar halo mass and kinematical
and chemical properties for Milky Way-type galaxies.
Further analysis of metallicity dependency of anisotropy
in simulations will help clarify the stochastic processes
involved which form galaxies most similar to our own
Milky Way. Because of the diversity seen in Milky Way-
type stellar halos, the Galaxy’s metallicity-dependent
velocity anisotropy profile gives a key constraint for sim-
ulations to explain through the formation history. With
the large variety seen in Milky Way-type galaxy stellar
halos, both in observations and simulations, the depen-
dency of the anisotropy profile with metallicity is an
important constraint for theories of Galactic formation
and evolution.
In future efforts, LAMOST will continue adding new
halo star line-of-sight velocities and the updated releases
of Gaia will provide tangential velocities with smaller
uncertainties, especially regarding the more distant halo
stars. We will use these anisotropy profile results to
estimate the mass of the Galaxy using the 3D Jeans
equation.
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APPENDIX
We have validated our analysis codes for determining the velocity anisotropy β as a function of Galactocentric
radius via mock data sets as was done in Bird et al. (2019) using standard deviation with sigma clipping and median
velocity uncertainties subtracted in quadrature to estimate (σr, σθ, σφ) for the sample. The mocks are based on our
LAMOST/SDSS halo K-giant and SDSS BHB samples.
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Figure 18. Mock star velocity dispersion profiles: lines are the input models for radially rising anisotropy (left panel) and for
LAMOST/SDSS K giant anisotropy, markers are the measured dispersions for 100 mock stars for each real K giant. Mocks have
been scattered by the measurement uncertainties in distances, line-of-sight velocities, and proper motions.
The mocks are made using the sky positions and distances of the real data and assigning velocities Vr, Vθ, Vφ to each
star according to a range of test velocity dispersion profiles. Once the mocks are made, we scatter their distances,
line-of-sight velocities, and proper motions by the uncertainties δdhelio, δvlos, and δµ from the real data. We make
several runs of mocks with 1×, 10×, and 100× the number of K giants and BHB stars. Having imposed a particular
functional form for β on the data set stars, we test our ability to recover it using the methods applied to the actual
data (we test the mocks both before and after scattering by the uncertainties). We tested a range of models for β:
isothermal (β = 0), radially anisotropic (β = 0.5), models for which β is a function of rgc (e.g., an increasingly large
radially anisotropic model as frequently seen in simulations, a model based on the current halo K giant anisotropy
profile). The velocity dispersion and anisotropy profiles for the radially rising β model and LAMOST/SDSS K giant
model are shown in Figures 18 and 19 (solid lines) for the K-giant mock stars. The markers in these figures are the
recovered profiles from various mock tests with 1×, 10×, and 100× the number of K giants, both with and without
scattering due to uncertainties (as indicated in the Figure legends and captions).
We find that even with the quite large errors that develop in the tangential velocities at large distance (of order the
velocity dispersion of the stars) seen in Figure 7, we are able to recover β correctly with systematic errors of ∆β < 0.1.
As a secondary test, we multiplied all uncertainties by a factor of 0.5, 1.3, and 2.0 to check for biases introduced due
to a range of measurement uncertainties. The mock samples we test are 100× as many stars in our K-giant sample.
Figure 20 displays the results for the isothermal model and the K-giant model. We find a systematic bias is introduced
which grows with increasing uncertainty, but even with errors twice as large, at most the bias is around ∆β ∼ 0.1.
These tests confirm that the dominant source of uncertainty is Poisson statistics in the bins for our particular halo
star samples.
Our mock tests show that we recover the underlying models well with little bias. The similarity in scatter between
recovered models with and without uncertainties in distances, line-of-sight velocities, and proper motions included
signifies that we are properly able to subtract the velocity uncertainties from our kinematic dispersions.
The scatter seen is largely due to Poisson uncertainties. The tests with sample sizes 10 and 100 times larger show
that with small Poisson uncertainty, we recover the model profiles with negligible bias introduced due to the method.
With the low Poisson noise of the large mock data sets, we find a systematic bias which grows as the uncertainties
are multiplied by increasingly larger factors; but even with uncertainties twice as large, the difference in anisotropy is
small (∆β ∼ 0.1). These test show the success in recovering the kinematic statistics of our halo sample with negligible
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Figure 19. Anisotropy profiles of the input models (black line) and of that recovered from the mocks (markers). Left panels
show the radially rising model and right panels show the K giant model. Tests presented include mocks with 1× (upper panels),
10× (upper panels), and 100× (lower panels) the number of K giants, both with and without scattering by uncertainties (as
indicated in the legends). We recover the underlying models well with little bias. The similarity in scatter between recovered
models with and without uncertainties in distances, line-of-sight velocities, and proper motions included signifies that we are
properly able to subtract the velocity uncertainties from our kinematic dispersions.
bias using standard deviation with sigma clipping and median velocity uncertainties subtracted in quadrature (the
method used in the current work and in Bird et al. (2019)).
We have performed similar exercises with mocks based on our halo SDSS BHB sample and find similar results. The
Poisson uncertainty is larger due to the smaller sample compared to the K giant sample, and the systematic bias
introduced from the uncertainties of the sample is ∆β < 0.1.
The adopted distance scale for our K giants was cross-checked in Bird et al. (2019) and for our K giants and BHB
stars in Yang et al. (2019b). In Section 2 of Bird et al. (2019), we compared our halo K-giant distance scale to that
of Bailer-Jones et al. (2018), for halo K giants within approximately 4 kpc of the Sun. This test showed evidence
for our distances being closer on average than the Bailer-Jones et al. (2018) distances by approximately 10% (See
Figure 2 of Bird et al. (2019)). Bailer-Jones et al. (2018) use a model of a “lengthscale” at any given (l, b) position,
to derive improved distance estimates of stars compared to simply inverting the parallax. The modeling is validated
using stars in open clusters, i.e., on metal rich stars. The Xue et al. (2014) distances have been calibrated using K
giants in globular clusters, stars very similar to our halo K giants, which gives us confidence in using these distances in
regions within 4 kpc where we sample halo stars. Yang et al. (2019b) select stars with high quality parallaxes within
4 kpc and compare the K giants and BHB stars with inverted parallax. They also find the Xue et al. (2014) K giant
distances are closer on average by ∼ 15% and BHB distances are unbiased. Yang et al. (2019b) find the bias of the
Xue et al. (2014) K giant distances decreases with fainter G magnitudes. As the large bulk of our K giant halo stars
are at fainter magnitudes compared to the distance bias with inverted parallax, we also prefer to use the Xue et al.
(2014) distance method.
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Figure 20. Anisotropy profiles of the tests for biases due to increasing uncertainties. Lines indicate the input model for the
mock stars (isothermal β = 0 model and K-giant models are shown in the left and right panels, respectively). Black markers
are the recovered profiles from the mocks before the distances, line-of-sight velocities, and proper motions are scattered by the
corresponding uncertainties. Magenta, blue, red, and gold markers are the recovered profiles after scattering by 0.5×, 1.0×, 1.3×,
and 2.0× the uncertainties, respectively. All mocks have 100× the number of sample K giants. Systematic bias is introduced
which grows with increasing uncertainty, but even with errors twice as large, at most the bias is around ∆β ∼ 0.1.
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Figure 21. Test of distance uncertainties on the estimates of the anisotropy parameter β. We systematically change our
distance scales for halo LAMOST K giants and SDSS BHB stars by ±10% to check the effect on β. Black symbols show the β
profile for the smooth, diffuse halo LAMOST K giants and SDSS BHB stars, as shown in Figure 11. Shaded regions show the
results of the test for under-estimated β (blue, due to overestimating distances by 1.1dhelio) and over-estimated β (red, due to
underestimating distances by 0.9dhelio). The width of the shaded regions are based on the estimated uncertainties for β. Each
marker represents the median radius of the stars within our selected radial bins. This test shows that the main result of the
paper, that the bulk of the K giant and BHB halo stars are on highly radial orbits, is very robust to systematic error in the
distance scale of this order.
A systematic distance correction (increasing the K giant distances by 10 − 15%) for our sample stars will have the
effect of increasing the estimated tangential velocity dispersions (which are primarily sensitive to the distance scale
via proper motions), while leaving the Galactocentric radial velocity dispersions relatively unaffected (as these are
typically dominated by line-of-sight velocities). Consequently, such a distance correction tends to reduce the estimates
of the anisotropy β slightly.
We test the influence of systematic distance uncertainties (bias and Poisson noise) and compare the resulting β
profiles in Figure 21 using our smooth, diffuse halo LAMOST/SDSS K giants and SDSS BHB stars after stream
removal. The anisotropy β decreases/increases very slightly as a result of increasing/decreasing the distances by 10%.
These results are similar to the mock tests presented in Bird et al. (2019, Figure 7) for LAMOST K giants. Figure 21
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shows that the main result of the paper, that the bulk of the K giant and BHB halo stars are on highly radial orbits,
is very robust to systematic error in the distance scale of this order.
